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Abstract
Hepatic fat fraction (HFF) can be non-invasively estimated with magnetic resonance imag-
ing (MRI) multiple echo gradient recalled echo (GRE) sequence. The aim of this study was
to test different methods of sampling strategies to quantify the HFF in healthy cats during
body weight gain. Twelve healthy adult male cats were examined in a 3 Tesla MRI unit.
Sequences included morphological images, and multiple echo GRE sequence. Cats were
scanned at the beginning of the study and twice, each 20 weeks apart during body weight
gain. HFF was calculated with 5 different methods of sampling on the multiple echo GRE
sequence with different number, size and position of regions of interest (ROIs) and by 2
operators. Results indicated that HFF increased with increasing body weight, and the
increase was appreciated with all the 5 methods. There was overall excellent agreement
(interclass correlation coefficient = 0.820 (95% confidence interval:0.775–0.856)) between
the 2 operators. HFF in the left lateral hepatic lobe was lower than in the other analyzed
lobes. HFF measured on large free-hand drawn ROIs was higher than HFF measured with
smaller ROIs size. This study proves that different sampling methods for quantification of
HFF on multiple echo GRE sequence have overall excellent repeatability and ability to
appreciate increased HFF.
Introduction
Hepatic fat fraction (HFF) in feline population is variable and influenced by the nutritional sta-
tus, among other factors like diabetes and prolonged fasting [1]. Hepatic fat fraction tends to
increase during body weight (BW) gain, overweight and obesity [2]. Increased HFF is present
in feline hepatic lipidosis and can cause severe liver disfunction [3].
Increased HFF is difficult to be clinically quantified, and its clinical significance may be var-
iable. Non-invasive techniques to evaluate hepatic fat content in clinical practice are usually
limited to ultrasound and computer tomography, but both modalities lack specificity and
allow only semiquantitative evaluation of fat content [4]. Assessment of hepatic steatosis for
patients care requires not only diagnosis but also grading of severity, and possibility of follow
up.
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In human medicine, non-invasive quantification of the HFF is routinely performed with
dedicated magnetic resonance imaging (MRI) sequences. A substantial number of studies
mostly in humans demonstrated that MRI allows a non-invasive, accurate, reproduceable, pre-
cise, and reader-independent quantification of HFF regardless the degree of the hepatic lipido-
sis [4–11].
A recently commercially released multiple echo gradient recalled echo (GRE) sequence
(Philips mDIXON-Quant) enables accurate and consistent measurement of the HFF [12]. This
sequence allows the assessment of the HFF over the entire liver parenchyma. Correlation of
the HFF measured with multiple echo GRE sequence, magnetic resonance spectroscopy and
trygliceride quantification has been reported in healthy dogs [13]. No studies have been con-
ducted neither in healthy nor in obese cats. Since cats are prone to pathologies associated with
increased HFF, the estimation of HFF, its distribution, and possibility of non-invasive follow
up may be beneficial in clinical setting. To the authors knowledge there is no study investigat-
ing the sample strategies for a non- invasive estimation of HFF in cats during BW gain mean
MRI.
The purposes of the present study are the following: 1) to investigate the difference between
5 sample strategies for the quantification of HFF in cats and to evaluate their diagnostic perfor-
mance; 2) to investigate hepatic fat distribution during BW gain; 3) to assess agreement
between 2 operators with different level of experience, and 4) to investigate the time required
for image analysis with the 5 different methods. This will be relevant in clinical non-invasive
HFF quantification mean MRI. The present investigation has also the aim to establish a sound
method that can be used in clinical patients for the diagnosis of hepatic lipidosis and related
hepatopathies, and for the patients recheck following therapy.
Materials andmethods
The prospective, experimental study was approved by the Cantonal Veterinary Office of
Zurich (license number, ZH118-16) in accordance with the Animal Welfare Act of Switzerland
and as a part of a larger concurrent study. Cats were acquired as kittens, years before, as
research animals from a breeding station for research animals (Liberty Research Inc., Waverly
New York 14892, USA). Cats underwent MRI examinations at 3 time points: time 0 (T0, at the
start of the study before dietary intervention) and twice (T1 and T2, each 20 weeks apart), after
the start of dietary intervention.
Animals
Twelve research purposed-bread, adult, male, neutered shorthair cats were enrolled in this
study. All cats underwent a clinical examination. On the basis of a physical examination, hae-
matology and biochemistry, all cats were deemed to be in good health, except two cats with
mild elevation of the renal values. All cats had a body condition score of 5/9 at T0. Ten cats
were classified as American Society of Anesthesiologists I, the two cats with elevated renal val-
ues (International Renal Interest Society, IRIS state 2) were classified as American Society of
Anesthesiologists II. One of these 2 cats were excluded from the study before the second MRI
examination, and one before the third MRI examination due to causes that are not related to
the study.
The BW of the cats was recorded before every MRI examination. The cats received a com-
mercial dry food (Hill’sTM Science DietTM Adult Optimal Care, Hill’s Pet Nutrition) ad libitum
after the MRI examination at T0 for a period of 16 weeks or until they were overweight.
After the 16 weeks, cats received an adjusted amount of feed to keep the BW for the remain-
ing time up to the end of the study. Cats reaching the overweight status (body condition score
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7/9) before the 16 weeks period, received an adjusted amount of feed to keep the BW for the
remaining time up to the end of the study. The total study length was 40 weeks.
After the completion of the research project, the cats were housed by private families and
took no part in any further research.
Anaesthesia
The cats were fasted for 12 hours before anaesthesia. Premedication consisted of ketamine
(10mg/kg), midazolam (0.1 mg/kg) and butorphanol (0.3 mg/kg) intramuscularly. After pre-
medication a catheter was aseptically placed in the left or right cephalic vein for administration
of contrast medium, intravenous medication as well as Lactated Ringer’s solution (3 ml/kg/h).
Oxygen was administered via a facemask for 30 minutes prior to anaesthesia induction. Anaes-
thesia was induced with alfaxalone (0.5–2 mg/kg) intravenously. After induction the cats were
intubated with a cuffed endotracheal tube and mechanically ventilated with positive-pressure
in a pressure-controlled mode (5–11 cmH2O). The respiratory rate was adjusted to achieve an
end-tidal CO2 of 35–42 mmHg (4.66–5.59 kPa). The anaesthesia was maintained using isoflur-
ane together with a 1:1 ratio of oxygen and air. Anaesthesia was monitored and recorded with
a multiparameter monitor that included spirometry, capnography and an MRI-compatible
wireless respiratory sensor, as well as vectorcardiography and pulse oximetry. Glycopyrrolate
(10 mcg/kg, intravenously) was administered, if the pulse rate fell below 100 bpm for longer
than 10 min. If necessary, this procedure was repeated once.
MRI protocol
All cats were placed in dorsal recumbency in a 3 Tesla scanner (Philips Ingenia 3.0T scanner,
Philips AG, Zurich, Switzerland), with a phased-array anterior coil (dStream Torso, coil solu-
tion, 32 channels, Philips AG, Zurich, Switzerland). MRI examination included morphological
images to exclude liver abnormalities. Performed sequences were: T2-weighted (turbo spin
echo; TR/TE, 2000/80 ms; flip angle, 90˚; FOV adapted to animal; voxel size, 1.18/1.42/3.00
mm; slice thickness, 3 mm; slice gap, 0 mm) and T1-weighted pre-contrast sequence (mDixon,
gradient echo; TR/TE1/TE 2, 3.7/1.21/2.4 ms; flip angle, 10˚; FOV, adapted to animal; voxel
size, 1.5/1.5/3.00 mm; slice thickness, 3 mm; slice gap, -1.5 mm).
For the fat quantification, a proton density fat fraction (PDFF), multi-echo acquisition,
multi-peak mDixon sequence with T2� correction was performed (mDixon-Quant, Philips
AG Healthcare, Zurich, Switzerland). The following sequence parameters were used: breath
hold, expiration; TR/TE1/delta TE, 7.5/1.23/1.0 ms; flip angle, 3˚; FOV, adapted to animal;
slice thickness, 4 mm; slice gap, -2 mm; acquired voxel size, 1.5/1.49/4 mm; echoes, 6. Breath
hold technique was used for max. 21.3 seconds. Therefore, controlled mechanical ventilation
was discontinued to force brief expiratory apnoea and was continued immediately after the
sequence.
T1-weighted post contrast sequence was performed after hand injection of contrast
medium (Gadodiamid, GE Healthcare AG, Glattbrugg, Switzerland) (0.3 ml/kg, intravenous)
followed by a 10 ml saline (0.9% NaCl) solution: (mDixon, gradient echo; TR/TE1/TE2, 3.7/
1.21/2.4 ms; flip angle, 10˚; FOV, adapted to animal; voxel size, 1.5/1.5/3.00 mm; slice thick-
ness, 3 mm; slice gap, -1.5 mm). All images were acquired in the transverse plane.
MRI data postprocessing and data analysis
Postprocessing of the multiple echo GRE sequence was performed on the workstation of the
previously described MRI unit. HFF was measured on the automatically generated fat fraction
images. The HFF was evaluated with 5 different methods of sampling.
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Method 1 (M1): ROIs were free-hand manually drawn including as much hepatic paren-
chyma as possible on 10 consecutive slices. Slices with the most imaged liver parenchyma were
selected (Fig 1), with a total of 10 large ROIs. The most cranial and most caudal slices through
the liver were avoided, as recommended in human literature [14].
Method 2 (M2): The imaged liver parenchyma, on 8 different slices, was divided in sectors,
similarly as described in human medicine [15] and trying to include as much liver parenchyma
as possible. One ROI was manually drawn using adjustable round or elliptical cursor in the
central part of the sector and 2 ROIs in the periphery, for a total of 24 ROIs per animal (Fig 2).
Method 3 (M3): One ROI was manually drawn using adjustable round or elliptical cursor
in the following liver lobes: caudate (ROI1), papillary process (ROI2), left lateral (ROI3) and
right lateral (ROI4) liver lobes as identified [16], on 1 or 2 slices, as necessary for the anatomic
identification (Fig 3).
Method 4 (M4): Four ROIs were manually drawn using adjustable round or elliptical cursor
in ‘empiric areas‘. One ROI each in the right cranial, right caudal, middle, and left aspects of
the liver parenchyma as described [13,17]. ROIs size was at least 1 cm2 in diameter and drawn
on 4 different slices (Fig 4).
Method 5 (M5): 16 ROIs were manually drawn using adjustable round or elliptical cursor,
throughout the liver parenchyma, trying to distribute them randomly throughout the entire
organ. ROI size was approximately 0.5 cm2 in diameter, and on every slice, a minimum of 1
and maximum of 3 ROIs were drawn (Fig 5).
In all image processing, care was taken to avoid major blood vessels, the gallbladder, and
obvious image artifacts during ROIs placement. Two operators independently performed the
measurements with all the 5 methods, for each cat, and at T0, T1, and T2. Operator 1 (OP1,
FDC) was a radiologist (Dipl ECVDI) with 13 years of experience, while operator 2 (OP2,
GLS) was a veterinary doctoral student specifically trained. The time required for the image
analysis of each cat and using each different method was recorded, rounded in minutes. ROI
Fig 1. Example of the method 1 of sample strategy (M1). Free-hand ROI was drawn including as much hepatic
parenchyma as possible. This was repeated on 10 consecutive slices. In this example cat, at T1, the PDFF was 8.44%.
Bar = 1 cm.
https://doi.org/10.1371/journal.pone.0241905.g001
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size was recorded in cm2 as well. Total covered sampled area was obtained by adding the cov-
ered area of the single ROIs in each examined liver.
Statistical analysis
Data were recorded on a computerized spread sheet (Microsoft 140 Excel 2011; Microsoft Cor-
poration, WA, USA). Statistical analyses were performed with a commercially available
Fig 2. Example of the method 2 of sample strategy (M2). The liver parenchyma was divided in sectors. One round
ROI was drawn in the central region (solid line) and 2 in the periphery (dashed lines). This was repeated on 8 slices. In
this example cat, at T1, the PDFF in the central region was 9.16%, and in the periphery 7.24 and 7.56%. Bar = 1 cm.
https://doi.org/10.1371/journal.pone.0241905.g002
Fig 3. Example of the method 3 of sample strategy (M3). ROIs were drawn on different hepatic lobes. The following
hepatic lobes were considered: Caudate lobe (dotted line); right lateral liver lobe (dashed-and-dotted line); papillary
process (solid line) and left lateral liver lobe (dashed line). In this example cat, at T1, the PDFF was 2.31% in the
caudate liver lobe, 4.38% in the papillary process, 2.06% in the left lateral, and 3.19% in the right lateral. Bar = 1 cm.
https://doi.org/10.1371/journal.pone.0241905.g003
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software package (IBM1 SPSS1 Statistics, version 25, 64-bit-version, IBM, Chicago, Ill). Nor-
mal distribution of the data was not assumed due to small sample size. Descriptive statistics
were calculated, and numerical data were reported as the mean ± standard deviation for nor-
mally distributed data, or as median and range for not normally distributed data. Inter-
Fig 4. Example of the method 4 of the sample strategy (M4). Large (at least 1cm2) ROI was drawn in the right cranial
hepatic parenchyma. ROIs of similar size were drawn in the right caudal, middle and left parenchyma. In this example
cat, at T1, the PDFF in the right cranial hepatic parenchyma was 4.8%. Bar = 1 cm.
https://doi.org/10.1371/journal.pone.0241905.g004
Fig 5. Example of the method 5 of the sample strategy (M5). Small (approximately 0.5 cm2 ROIs were drawn
throughout the hepatic parenchyma for a total of 16 ROIs. 2 ROIs are imaged. In this example cat, at T1, the PDFF in
the imaged 2 ROIs was 7.04% and 10.4%. Bar = 1 cm.
https://doi.org/10.1371/journal.pone.0241905.g005
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observer reliability was analyzed with intraclass correlation coefficient (ICC), ranging from 0
to 1.
An ICC<0.4 represented poor agreement; between 0.41 and 0.6 fair; between 0.61 and 0.79
good; and> 0.8 excellent reliability.
Considering the data from OP1, statistical differences among the methods were visualized
in Bland- Altman Plots as well as tested with non-parametric tests (Kruskal-Wallis test, Wil-
coxon rank-sum test). Tested variables included HFF, time for analysis, and the specific ROI
size.
Pearson‘s correlation coefficient was calculated between ROI size and HFF at the different
time points, and between the total covered sampled area and HFF. Values of p< 0.05 or p<
0.001 where specified, were considered statistically significant.
Results
Twelve cats were evaluated at T0, 11 at T1, and 10 at T2. The median age at the beginning of
the study was 77 months (range, 75–78 month). Mean of the BW was 4.48 ± 0.44 kg at T0,
6.05 ± 1.02 kg at T1, and 6.35 ± 1.09 at T2.
On morphological images, the liver of all cats was normal on all sequences as described
[18]. The mean acquisition time for multiple echo GRE sequence was 14.3 ± 1.7 seconds. On
the multiple echo GRE sequence images, a total of 12474 measurements were recorded. ICC
between the 2 operators showed excellent agreement over all 5 methods at all 3 time points
(ICC = 0.820; confidence interval, CI:0.775–0.856). In particular, M4 showed excellent reliabil-
ity with the highest ICC value (ICC 0.965; CI:0.930–0.983). The lowest reliability between
operators was recorded for M3, (ICC = 0.761; CI:0.593–0.849) still representing good agree-
ment. Among the ROIs of M3, the lowest reliability was recorded for ROI3 (ICC 0.489; CI:
-0.233–0.793).
Accordingly, further analyses were performed based on measurements of the most experi-
enced OP1, only.
The measured HFF at T0, T1 and T2 with the different methods are reported in Table 1.
The HFF increased with increasing BW as reported [17]. The increased HFF was appreciated
with all the 5 methods of image analysis. A concurrent increase of the SD of the measurements
over time was recorded for each method. The mean time for image assessment was: 8.67±1.43
min for M1; 5.65±0.89 min for M2; 1.71±0.68 for M3; 1.48±0.26 for M4; and 3.54±0.11 for
M5. No statistically significant difference in time required for image analysis was present
between M3 and M4 (p = 0.24), both consisting of 4 ROIs placement. For all the other meth-
ods, the difference in time for analysis was statistically significant considering a cut-off
p = 0.001 (p<0.001 comparing M1, M2, and M5).
M1 was used as reference, because most of the liver parenchyma was covered and included
by the measurement. Accordingly, HFF measured with M1 was statistically significant higher
(considering a cut-off p = 0.001), than HFF measured with M3, (p<0.001), M4 (p<0.001), and
M5 (p = 0.004). HFF measured with M2 was statistically significant higher than HFF measured
with M3 (p = 0.00) and M4 (p = 0.005).
Table 1. Mean ± SD HFF in % with the 5 different methods on the 3 time points.
Method 1 Method 2 Method 3 Method 4 Method 5
Time 0 3.85 ± 0.77 3.87 ± 0.04 3.11 ± 0.85 3.00 ± 0.87 3.37 ± 1.03
Time 1 4.86 ± 1.20 4.31 ± 0.12 3.24 ± 1.37 3.21 ± 0.94 3.64 ± 1.25
Time 2 5.56 ± 1.82 5.13 ± 0.32 4.35 ± 1.83 4.71 ± 2.12 4.69 ± 2.19
https://doi.org/10.1371/journal.pone.0241905.t001
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ROI3 of M3 showed statistically significant lower HFF than the other ROIs of M3 at all
measured time points (p = 0.039, p = 0.023 and p = 0.011 respectively at T0, T1 and T2). ROI2
of M3 showed statistically significant higher HFF compared to ROI3 of M3 on one occasion
(at T1, p = 0.04). No difference was detected in HFF between central and peripheral areas on
M2. HFF measured with the different 5 methods at T0, T1 and T2 is illustrated in Fig 6.
Mean ROI size for the different methods were, respectively: 16.78 ± 1.82 cm2 for M1;
0.45 ± 0.02 cm2 for M2, 0.48 ± 0.03 cm2 for M3, 2.57 ± 0.37 cm2 for M4, and 0.43 ± 0.03 cm2
for M5.
The total covered sampled area for the different methods was approximately: 167.89 cm2
for M1, 10.90 cm2 for M2, 1.92 cm2 for M3, 10.29 cm2 for M4, and 6.94 cm2 for M5. No statis-
tically significant correlation was found between ROI size and HFF. Over the 3 time points,
total covered sampled area was inversely correlated with HFF for M2 (p = 0.037) and M5
(p = 0.041).
Discussion
Non-invasive measurement of HFF and diagnosis of increased HFF is possible with dedicated
MRI sequences. We describe 5 different methods of sampling strategies for non-invasive mea-
surement of HFF. All 5 methods were able to detect increased HFF in cats during BW gain in
our study population.
Biopsy is currently accepted as the gold standard for determining high fat content in the
liver and hepatic lipidosis [9]. Liver biopsy has important limitations: it is an invasive tech-
nique that can cause pain, transient hypotension, and other complications such as bleeding,
infections, bile leakage, pneumothorax, and hemothorax [19,20], and is not a suitable tech-
nique for follow-up evaluations. Moreover, fat accumulations can be heterogeneously distrib-
uted across the liver, so that a biopsy sample may not be representative of the pathological
processes, and the estimation of hepatic fat content obtained mean biopsy could be inaccurate
[20,21]. The severity of hepatic lipidosis is histologically assessed by estimating the percentage
Fig 6. Box plots of the mean HFFmeasured with the different 5 methods.HFF is reported in % on x-axis. On the y-
axis, the different methods of measurements are reported at the different time points: M1, M2, M3, M4, M5 at T0 with
white boxes, at T1 with gray boxes, and at T2 with black boxes. For each plot, the box represents the 25th to 75th
percentiles, and the dark line represents the median. Whiskers represent the highest case within 1.5-times the
interquartile range and the lowest case within 1.5-times the interquartile range. Circles represent the outliers, stars
extreme outliers.
https://doi.org/10.1371/journal.pone.0241905.g006
PLOS ONE Quantification of hepatic fat fraction meanMRI in cats
PLOSONE | https://doi.org/10.1371/journal.pone.0241905 November 12, 2020 8 / 13
of hepatocytes that contain fat droplets. Thus, interpretation of a hepatic biopsy sample is sub-
jective and semiquantitative [22]. As a result, alternative methods to screen for and monitor
increased HFF and hepatic lipidosis and inform clinical decision-making are needed
[9,20,21,23]. Thanks to chemical-shift-based water and fat separation, Dixon based MRI tech-
niques have been widely used in estimation of HFF and in recent years have been substantially
technically improved [24].
While literature agrees on the correlation of the HFF estimated with PDFF with values
obtained from other invasive and non-invasive techniques [25], there is no agreement on the
methodology of images analysis, with different proposed sample strategies. Results from analy-
sis with ROIs drawn in different locations, shape and number have been evaluated. A common
approach is the placement of 9 ROIs of 1 cm in diameter in each of the Couinaud segment of
the human liver [26]. This technique is time consuming and requires specific anatomic knowl-
edge, so alternative methods have been investigated. No corresponding anatomical landmarks
are described in the feline liver and the hepatic parenchyma is substantially smaller than the
human liver. Techniques of investigation have to be specifically tested and adapted for veteri-
nary use.
In humans, the accumulation of fat within the liver tends to be diffuse but the distribution
is non-uniform [27]. In particular, PDFF is higher in the right lobe of the liver than in the left
[20,28,29], finding confirmed also with liver biopsy [30] and in CT studies [31]. Some other
studies reported no difference between the hepatic lobes [32,33] or higher HFF in the left lobe
[14]. Interestingly in our study, the HFF in the left lateral liver lobe was statistically significant
lower than the other considered liver lobes at all analyzed time points (p = 0.039, p = 0.023 and
p = 0.011 respectively at T0, T1 and T2). In humans, it has been suggested that the right liver
lobe, supplied by branches of the mesenteric vein, which contains dietary fat, would trigger fat
deposition more than the left liver lobe, supplied by the splenic vein [29]. This is consistent
with the streamline theory, reported in humans [34], dogs and mice [35]. It is likely that a simi-
lar phenomenon is present also in cats and it would explain our results. At the same time, the
ROI on the left lateral liver lobe (ROI3 of M3) had the lowest ICC among the 2 operators, sug-
gesting higher variability than other regions.
Another study reports difference in HFF in the peripheral regions compared to the central
regions in some hepatic segments in human liver [15]. This has not been confirmed by our
data, and no difference was found in the central ROIs compared to the peripheral ROIs at any
time of examination (p>0.05). The HFF in the cited human study was markedly higher than
in our cat population, ranging from approximately 17 to 21% HFF, reason why direct compari-
son to the data from our study animals is difficult. It is currently unknown if in cats with
hepatic steatosis and higher HFF the distribution of fat could be more heterogeneous than
data from the present study. Considering that M2 was also a quite time consuming method of
analysis (5.65 ± 0.89 min for animal analysis), this method was not recommended in our study
population.
Overall, the SD progressively increased in each method between T0, T1, and T2. This could
suggest that progressively increasing HFF tends be more heterogeneously distributed.
Size of the ROIs has also been investigated in human medicine. ROI size of at least 0.75 cm
2 have been recommended irrespective of the location [36], and 3 ROIs of approximately 2.3
cm2 each (for a total of 6.9 cm2 of covered sampled area) have been compared to biopsy results
[37]. Another study reported high repeatability using 3 ROIs of 4 cm2, each placed on a single
image in each of the right posterior segment, right anterior and left medial, for a total of 12
cm2 of covered hepatic surface [38]. Other authors [32] recommended sampling of each liver
segments in both lobes and sampling a total hepatic area of at least 5 cm2.
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Recently, sampling covering as much of the hepatic parenchyma as possible using multiple
large ROIs has been recommended [39]. On M1, we aimed to sample most of the liver over the
entire parenchyma. Using this approach, even if the region of the porta hepatis was excluded
drawing the ROIs, part of the perivascular fat tissue may have been included in the analysis,
likely resulting in the highest measured HFF.
In our study, the range of covered area ranges from a maximum of approximately 167 cm2
for M1, to a minimum of approximately 1.92 cm2 for M3. Considering the consistent differ-
ence in size between feline and human livers, M1, M2, M4 and M5 sampled overall more of
the hepatic parenchyma than often reported in human medicine. The smaller coverage for M3
is clearly explained by the limited ROIs size placed in the caudate lobe and papillary process.
The overall coverage of M2 and M4 was similar, but the HFF measured with M2 was statisti-
cally significant higher than the HFF measured with M4. A possible explanation could be that
more fat tissue was included in the ROIs manually drawn in the centre of the hepatic paren-
chyma, likely close to the main vessels.
Over time, total covered sample area with M2 and M5 was associated with lower HFF. That
would suggest that the use of multiple ROIs (24 ROIs in M2 and 16 ROIs in M5) of similar,
small size (in both methods less than 0.5 cm2) may be less sensitive in HFF detection and
could underestimate the HFF.
Four ROIs sampling strategy (in the anterior, posterior, medial, and lateral segments) has
been recommended in human medicine as a reasonable compromise between reproducibility
and repeatability, and time invested in the image analysis [39]. This technique also achieved
close agreement with the 9 ROIs technique [40]. Four ROIs strategy is also highly reproducible,
with ICC>0.9 [38,40]. Our study is in perfect agreement with the published data in human lit-
erature, with an ICC = 0.965 for M4. Moreover, M4 was always the least time consuming
method, accounting less than 2 min per animal evaluation.
The overall excellent ICC (>0.8) for all methods is particularly noteworthy, taking in
account the different level of experience of the 2 operators.
The major limitation of the study is the impossibility to have a gold standard. Trygliceride
analysis can not be performed in every location for practical and ethical reason. Moreover,
PDFF correlates with chemically determined tissue triglyceride concentration [6] but PDFF
and triglyceride concentration obtained with chemical assay measurements are different enti-
ties [41]. The measurements of PDFF are an estimation of the true triglyceride hepatic content,
which remains unknown. Whether then the HFF is overestimated with M1 or underestimated
by the other methods can only be speculated.
Another limitation was the small sample size and limited observation period, both of which
were chosen out of consideration for animal welfare. Compared to most of the studies of
human medicine which investigate patients with nonalcoholic fatty liver disease, the HFF of
our population was lower and the subjects clinically healthy. Further studies conducted over a
longer period of time in cats with higher body condition scores and higher HFF, as well as
investigations of feline patients with hepatic lipidosis, are needed to assess possible variations
in distribution of HFF and the best sample strategy to evaluate these variations. In calculating
the time required for image analysis with the different methods, no effect of the learning curve
was evaluated. This data were recorded from the analysis of the experienced operator only and
we considered the effect of the learning curve similar for each method, and not affecting the
overall time difference among the 5 methods.
Despite equipment requirements, high costs, and need of general anesthesia in animals,
MRI multiple echo GRE sequence for non-invasive quantification of HFF in cats is very prom-
ising as diagnostic and follow up tool.
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In conclusions, we suggest a highly reproducible MRI-based method for non-invasive
quantification of HFF in cats. The highest reproducibility and the shorter time for analyses
were obtained with a 4 ROIs sampling method (M4). The highest HFF was obtained when
most of the hepatic parenchyma was free-hand sampled, a method which required the longest
time for image analysis. The use of multiple, small ROIs may be less sensitive in HFF detection.
The left lateral hepatic lobe has a consistently lower HFF compared to the caudate lobe, papil-
lary process, and the right lateral lobe over time. All the 5 tested methods appreciate an
increase HFF during BW gain, and the consistent use of the same sample strategy method is









Conceptualization: Francesca Del Chicca.
Data curation: Gian-Luca Steger.
Formal analysis: Francesca Del Chicca, Henning Richter, Gian-Luca Steger.
Investigation: Francesca Del Chicca.
Methodology: Francesca Del Chicca, Gian-Luca Steger, Elena Salesov, Claudia E. Reusch, Pat-
rick R. Kircher.
Software:Henning Richter.
Supervision: Francesca Del Chicca, Patrick R. Kircher.
Validation: Francesca Del Chicca, Henning Richter.
Writing – original draft: Francesca Del Chicca.
Writing – review & editing: Francesca Del Chicca, Henning Richter, Gian-Luca Steger, Elena
Salesov, Claudia E. Reusch, Patrick R. Kircher.
References
1. Clark MH, Larsen R, LuW, Hoenig M. Investigation of 1HMRS for quantification of hepatic triglyceride
in lean and obese cats. Res Vet Sci. 2013; 95(2):678–80. https://doi.org/10.1016/j.rvsc.2013.04.004
PMID: 23639685
2. Fujiwara M, Mori N, Sato T, Tazaki H, Ishikawa S, Yamamoto I, et al. Changes in fatty acid composition
in tissue and serum of obese cats fed a high fat diet. BMC Vet Res. 2015; 11:200. https://doi.org/10.
1186/s12917-015-0519-1 PMID: 26268360
3. IbrahimWH, Bailey N, Sunvold GD, Bruckner GG. Effects of carnitine and taurine on fatty acid metabo-
lism and lipid accumulation in the liver of cats during weight gain and weight loss. Am J Vet Res. 2003;
64(10):1265–77. https://doi.org/10.2460/ajvr.2003.64.1265 PMID: 14596465
4. Springer F, Machann J, Claussen CD, Schick F, Schwenzer NF. Liver fat content determined by mag-
netic resonance imaging and spectroscopy. World J Gastroenterol. 2010; 16(13):1560–6. https://doi.
org/10.3748/wjg.v16.i13.1560 PMID: 20355234
PLOS ONE Quantification of hepatic fat fraction meanMRI in cats
PLOSONE | https://doi.org/10.1371/journal.pone.0241905 November 12, 2020 11 / 13
5. Kuhn JP, Evert M, Friedrich N, Kannengiesser S, Mayerle J, Thiel R, et al. Noninvasive quantification of
hepatic fat content using three-echo dixon magnetic resonance imaging with correction for T2* relaxa-
tion effects. Invest Radiol. 2011; 46(12):783–9. https://doi.org/10.1097/RLI.0b013e31822b124c PMID:
21808200
6. Bannas P, Kramer H, Hernando D, Agni R, Cunningham AM, Mandal R, et al. Quantitative magnetic
resonance imaging of hepatic steatosis: Validation in ex vivo human livers. Hepatology. 2015; 62
(5):1444–55. https://doi.org/10.1002/hep.28012 PMID: 26224591
7. Peng XG, Ju S, Qin Y, Fang F, Cui X, Liu G, et al. Quantification of liver fat in mice: comparing dual-
echo Dixon imaging, chemical shift imaging, and 1H-MR spectroscopy. J Lipid Res. 2011; 52(10):1847–
55. https://doi.org/10.1194/jlr.D016691 PMID: 21737754
8. Hatta T, Fujinaga Y, Kadoya M, Ueda H, Murayama H, Kurozumi M, et al. Accurate and simple method
for quantification of hepatic fat content using magnetic resonance imaging: a prospective study in
biopsy-proven nonalcoholic fatty liver disease. J Gastroenterol. 2010; 45(12):1263–71. https://doi.org/
10.1007/s00535-010-0277-6 PMID: 20625773
9. Reeder SB, Cruite I, Hamilton G, Sirlin CB. Quantitative Assessment of Liver Fat with Magnetic Reso-
nance Imaging and Spectroscopy. J Magn Reson Imaging. 2011; 34(4):729–49. https://doi.org/10.
1002/jmri.22775 PMID: 22025886
10. Lee SS, Park SH, Kim HJ, Kim SY, KimMY, Kim DY, et al. Non-invasive assessment of hepatic steato-
sis: prospective comparison of the accuracy of imaging examinations. J Hepatol. 2010; 52(4):579–85.
11. Bohte AE, vanWerven JR, Bipat S, Stoker J. The diagnostic accuracy of US, CT, MRI and 1H-MRS for
the evaluation of hepatic steatosis compared with liver biopsy: a meta-analysis. Eur Radiol. 2011; 21
(1):87–97.
12. Serai SD, Dillman JR, Trout AT. Proton Density Fat Fraction Measurements at 1.5- and 3-T Hepatic MR
Imaging: Same-Day Agreement among Readers and across Two Imager Manufacturers. Radiology.
2017; 284(1):244–54. https://doi.org/10.1148/radiol.2017161786 PMID: 28212052
13. Del Chicca F, Schwarz A, Meier D, Grest P, Liesegang A, Kircher PR. Non-invasive quantification of
hepatic fat content in healthy dogs by using protonmagnetic resonance spectroscopy and dual gradient
echo magnetic resonance imaging. J Vet Sci. 2018; 19(4):570–6. https://doi.org/10.4142/jvs.2018.19.4.
570 PMID: 29486536
14. Procter AJ, Sun JY, Malcolm PN, Toms AP. Measuring liver fat fraction with complex-based chemical
shift MRI: the effect of simplified sampling protocols on accuracy. BMCMed Imaging. 2019; 19(1):14.
https://doi.org/10.1186/s12880-019-0311-y PMID: 30736759
15. Choi Y, Lee JM, Yi NJ, Kim H, Park MS, Hong G, et al. Heterogeneous living donor hepatic fat distribu-
tion on MRI chemical shift imaging. Ann Surg Treat Res. 2015; 89(1):37–42.
16. Samii VF, Biller DS, Koblik PD. Normal cross-sectional anatomy of the feline thorax and abdomen: com-
parison of computed tomography and cadaver anatomy. Vet Radiol Ultrasound. 1998; 39(6):504–11.
17. Steger GL, Salesov E, Richter H, Reusch CE, Kircher PR, Del Chicca F. Evaluation of the changes in
hepatic apparent diffusion coefficient and hepatic fat fraction in healthy cats during body weight gain.
Am J Vet Res. 2020; 81(10):796–803.
18. Del Chicca F, Salesov E, Joerger F, Richter H, Reusch CE, Kircher PR. Perfusion-weighted and diffu-
sion-weighted magnetic resonance imaging of the liver, spleen, and kidneys of healthy adult male cats.
Am J Vet Res. 2019; 80(2):159–67.
19. Bravo AA, Sheth SG, Chopra S. Liver biopsy. N Engl J Med. 2001; 344(7):495–500. https://doi.org/10.
1056/NEJM200102153440706 PMID: 11172192
20. Kim KY, Song JS, Kannengiesser S, Han YM. Hepatic fat quantification using the proton density fat frac-
tion (PDFF): utility of free-drawn-PDFF with a large coverage area. Radiol Med. 2015; 120(12):1083–
93. https://doi.org/10.1007/s11547-015-0545-x PMID: 25952293
21. Ratziu V, Charlotte F, Heurtier A, Gombert S, Giral P, Bruckert E, et al. Sampling variability of liver
biopsy in nonalcoholic fatty liver disease. Gastroenterology. 2005; 128(7):1898–906. https://doi.org/10.
1053/j.gastro.2005.03.084 PMID: 15940625
22. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Design and validation
of a histological scoring system for nonalcoholic fatty liver disease. Hepatology. 2005; 41(6):1313–21.
23. Rockey DC, Caldwell SH, Goodman ZD, Nelson RC, Smith AD, American Association for the Study of
Liver D. Liver biopsy. Hepatology. 2009; 49(3):1017–44. https://doi.org/10.1002/hep.22742 PMID:
19243014
24. Deng J, Fishbein MH, Rigsby CK, Zhang G, Schoeneman SE, Donaldson JS. Quantitative MRI for
hepatic fat fraction and T2* measurement in pediatric patients with non-alcoholic fatty liver disease.
Pediatr Radiol. 2014; 44(11):1379–87. https://doi.org/10.1007/s00247-014-3024-y PMID: 24840769
PLOS ONE Quantification of hepatic fat fraction meanMRI in cats
PLOSONE | https://doi.org/10.1371/journal.pone.0241905 November 12, 2020 12 / 13
25. Kang BK, KimM, Song SY, Jun DW, Jang K. Feasibility of modified Dixon MRI techniques for hepatic
fat quantification in hepatic disorders: validation with MRS and histology. Br J Radiol. 2018; 91
(1089):20170378. https://doi.org/10.1259/bjr.20170378 PMID: 29022777
26. Hines CD, Frydrychowicz A, Hamilton G, Tudorascu DL, Vigen KK, Yu H, et al. T(1) independent, T(2)
(*) corrected chemical shift based fat-water separation with multi-peak fat spectral modeling is an accu-
rate and precise measure of hepatic steatosis. J Magn Reson Imaging. 2011; 33(4):873–81. https://doi.
org/10.1002/jmri.22514 PMID: 21448952
27. El-Hassan AY, Ibrahim EM, Al-Mulhim FA, Nabhan AA, ChammasMY. Fatty infiltration of the liver:
analysis of prevalence, radiological and clinical features and influence on patient management. Br J
Radiol. 1992; 65(777):774–8. https://doi.org/10.1259/0007-1285-65-777-774 PMID: 1393413
28. Bonekamp S, Tang A, Mashhood A, Wolfson T, Changchien C, Middleton MS, et al. Spatial distribution
of MRI-Determined hepatic proton density fat fraction in adults with nonalcoholic fatty liver disease. J
Magn Reson Imaging. 2014; 39(6):1525–32.
29. Capitan V, Petit JM, Aho S, Lefevre PH, Favelier S, Loffroy R, et al. Macroscopic heterogeneity of liver
fat: an MR-based study in type-2 diabetic patients. Eur Radiol. 2012; 22(10):2161–8.
30. Larson SP, Bowers SP, Palekar NA,Ward JA, Pulcini JP, Harrison SA. Histopathologic variability
between the right and left lobes of the liver in morbidly obese patients undergoing Roux-en-Y bypass.
Clin Gastroenterol Hepatol. 2007; 5(11):1329–32.
31. Nomura F, Ohnishi K, Ochiai T, Okuda K. Obesity-related nonalcoholic fatty liver: CT features and fol-
low-up studies after low-calorie diet. Radiology. 1987; 162(3):845–7.
32. Vu KN, Gilbert G, Chalut M, Chagnon M, Chartrand G, Tang A. MRI-determined liver proton density fat
fraction, with MRS validation: Comparison of regions of interest sampling methods in patients with type
2 diabetes. J Magn Reson Imaging. 2016; 43(5):1090–9. https://doi.org/10.1002/jmri.25083 PMID:
26536609
33. Idilman IS, Aniktar H, Idilman R, KabacamG, Savas B, Elhan A, et al. Hepatic steatosis: quantification
by proton density fat fraction with MR imaging versus liver biopsy. Radiology. 2013; 267(3):767–75.
https://doi.org/10.1148/radiol.13121360 PMID: 23382293
34. Gates GF, Dore EK. Streamline flow in the human portal vein. J Nucl Med. 1973; 14(2):79–83.
35. Dreyer B. Streamlining in the portal vein. Q J Exp Physiol Cogn Med Sci. 1954; 39(4):305–7.
36. Clarke CN, Choi H, Hou P, Davis CH, Ma J, Rashid A, et al. Using MRI to non-invasively and accurately
quantify preoperative hepatic steatosis. HPB (Oxford). 2017; 19(8):706–12.
37. Korpraphong P, Somsap K, Saiviroonporn P, Pongpaibul A, Charatcharoenwitthaya P. Semi-quantifica-
tion of Hepatic Steatosis in Patients with Chronic Liver Disease Using the Multiecho Two-Point Dixon
Technique with Histopathology as the Reference Standard. Hong Kong J Radiol. 2015; 18(1):4–10.
38. Sofue K, Mileto A, Dale BM, Zhong X, Bashir MR. Interexamination repeatability and spatial heteroge-
neity of liver iron and fat quantification using MRI-based multistep adaptive fitting algorithm. J Magn
Reson Imaging. 2015; 42(5):1281–90. https://doi.org/10.1002/jmri.24922 PMID: 25920074
39. Campo CA, Hernando D, Schubert T, Bookwalter CA, Pay AJV, Reeder SB. Standardized Approach for
ROI-Based Measurements of Proton Density Fat Fraction and R2* in the Liver. AJR Am J Roentgenol.
2017; 209(3):592–603.
40. Hong CW,Wolfson T, Sy EZ, Schlein AN, Hooker JC, Fazeli Dehkordy S, et al. Optimization of region-
of-interest sampling strategies for hepatic MRI proton density fat fraction quantification. J Magn Reson
Imaging. 2018; 47(4):988–94. https://doi.org/10.1002/jmri.25843 PMID: 28842937
41. Caussy C, Reeder SB, Sirlin CB, Loomba R. Noninvasive, Quantitative Assessment of Liver Fat by
MRI-PDFF as an Endpoint in NASH Trials. Hepatology. 2018; 68(2):763–72. https://doi.org/10.1002/
hep.29797 PMID: 29356032
PLOS ONE Quantification of hepatic fat fraction meanMRI in cats
PLOSONE | https://doi.org/10.1371/journal.pone.0241905 November 12, 2020 13 / 13
